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Abstract-Electric potentials across the auro-al zones and polar cap have been determined by an integration
of electric fields measured on the Dynamics nxplorer 2 satellite. Potentials from 527 cases, divided between
winter and summer seasons in the northern hemisphere, are compared with sirmultaneous auroral electrojet
indices which are measured with ground-based magnetic observatories. The dusk and dawn auroral potentials
and the total polar cap potential are compared with the AU, AL, and AE indices respectively. The AE
;ndices are found to be higher when it is summer in the northern hemisphere, due to the higher ionspheri-
conductivity. The electrojet currents are roughly proportional to the potentials, but the AE indices have a
range of possible values for a given potential due to variations in the width and distribution of the electrojets,
the ionospheric Hall conductivity, and the neutral wind velocity. The data have been fit to linear and non-
linear equations, which may be used to estimate the potentials from the AE indices. Although tha non-linear
equations give slightly better fits than a straight line, the differences in the errors are not significant. Where
possible the data have also been grouped according to the phase of magnetospheric substorms. These results
indicate that substorms occur only when the polar cap potential exceeds a threshold of approximately 60 kV.

INTRODUCTION derived from simultaneous measurements of the po-
tential by a satellite and the magnetic perturbations

In this paper we will show the results of a compari- on the ground, it will be possible to estimate the
son of auroral and polar cap electric potentials arid potentials from the magnetic activity indices. This
the Auroral Electrojet (AE) indices. The electric could be valuable to investigators who make use of
potential measurements are from the Vector Electric the various electric field models; it would be useful

Field Instrument (VEFI) on the Dynamics Explorer- to know if the total electric potential in a model is an

2 (DE-2) satellite. Potentials measured across the accurate representation of the actual potential for a
dawn and dusk auroral zones and the polar cap are given level of magnetic activity. Also, if it can be de-
compared with the AL, AU, and AE indices at the termined how the potentials and electric fields relate
time of the satellite measurements, to the AE indices, then it will be possible to improve

There are several reasons why this comparison be- estimates of the global ionospheric Joule heating as
tween potentials and AE indices can be useful. First a function of the indices.
of all, knowing how the potentials and electrojet cur-

rents relate to each other will promote an under- 1.1. The AE indices
standing of the electrodynamics of the aurora un- The Auroral Electrojet index was originally intro-
der both steady state and and substorm conditions. duced by Davis and Sugiura (1966) as a measure of

Secondly, although there have been studies of the global electrojet activity in the auroral zone. The

relations between the interplanetary magnetic field index is derived from the horizontal, northern com-

(IMF) and the AE index and between the IMF and ponent of geomagnetic variations observed at 10 to

polar cap potential (in separate studies), there has 13 observatories along the auroral zone in the north-

never been an in-depth comparison between AE and ern hemisphere. The most positive value measured

potentials. With a functional relationship which is from all the stations is called the AU index and the

91 2 1.9 213
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most negative value is the Al, index. These r'aies where !;H has been assuie(l to he constant in the
refer to the upper and lower envelopes of the over- integration region. If u 1 and w. define the hound-
lapped plots of data from all stations. The AU and aries of the auroral zone (equatorward of the convec
AL indices are understood to provide a measure of tion reversal) then the total auroral electrojet cur
the respective eastward and westward electrojet cur- rent, IH, is proportional to the potential across the
rents at a given time. The difference between the AU auroral zone:
and At, indices gives the AE index, which indicates
the total maximum amplitude of the east and west l ' - (.)
electrojet currents. The mean value of AU and AL If Ell is not constant then the average vxalue of the
is the AO index, conductance in the region may be substituted as an

The AU index is usually a positive number and approximation.
the AL index is usually negative, but occasionally Since the AU index is related to the east ward el(-
the largest horizontal variation (AU) is a negative trojet, which tends to be located in the evening aur,-
iumber and at other times the smallest variation ral zone (Davis and Sugiura, 1966) and is a Hall cur-

(A L) may he positive, due to c'-ntamination from rent driven by the northward electric field, then the
the magnetospheric ring current or zonal currents in All index should be related to the potential across
the ionosphere. However, the AE index by defini- the evening aurora. Likewise, the AL index. which
tiom is always positive and is independent of zonal corresponds to the westward electrojet, should be
currents, although the physical meaning of the AE related to 11,e potential across the morning aurora.
index is less obvious than that of of AU and AL in- And since th. polar cap potential is equal to the sum
dices taken separately (Mayaud, 1980). of the dusk and dawn potentials, and the AE index

The term "AE indices" is commo:,ly used to re- is equal to the sum of AU and AL (using absolute
fer to all four collective indices. These indices have values), then these two quantities should be related.
advantages over the atandard Kp inidices in that There is one serious problem with this reasoning,
they are an instantaneous measurement (i.e., one however. The AIr/Al, indices are not a measure-
miinute rather than three hour resolution) and heve ment of the total electrojet currents, but are related
interpretable physical meaning (Davis and Sugiura,
1966). Presently the AE indices are calculated and
distributed by the World Data Center C2 for Geo- Auroral Zone Polar Cap
magnetism at Kyoto University.

I- w
1.2. Theory

At this point it is prudent to consider the physics
which link satellite measurements of electric poten-
tial to the AE indices, in order to show that there
is a valid reason for such a comparison. The poten- E
tial is derived by an integration of the electric field 0Ww
which is measured by the satellite along it's direction W1

of motion: ( E

411 -- Ex dx . (1)

This potential is relative to the value at x w. As-

surning that the measured electric field is meridional 0
(north-south), then there is a related Hall current in d1
the azimuthal (east-west) direction: B

dB
JH = EHE. (2) x

where E H is the height-integrated Hall conductivity FIG. t. SKETCH OF AN ASSUMED ELECTRIC FIELD

and ,]H is the Hall current per unit length, integrated AND ELECTROJET CURRENT DISTRIBUTION IN THE

over the thickness of the ionosphere. The total Hall AURORAL ZONES. The electric field has a triangular distri-
bution with peak magnitude E,, and width W. The Hall (elec-

current is given by the integral of (2): trojet) current has peak magnitude J,, at x-0. The electrojet
. current, is at, altitude h above the ground, wherc it rauscs a

III EH E. dx (3) horizontal magnetic perturbation dB_. The magnitude of the
• i greatest horizontal perturbation is obtained by integrating the

contribution due to J,(x) in the interval from x - wi to x:w 2.
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1, the maximum density of the electrojet current, as (2f(1) 1 /(h2)l (15 (13)
meastiri-il l I tile magnetic observatory which hap- 11"r
pens to be closest to the current, maxima (Akasofu, Since the altitude of the electrojet, h, is about 100
1989). ki, and the half-widths are in the range of 250 to

It is still possible to derive an approximate func- 1,000 km, then R is in the range of 2.5 to 10. and
tional relationship between the potential and the f(R) varies from 0.79 to 1.24; the function f is not
peak measured ground magnetic perturbation if very sensitive to the width or altitude of the electro-
some assumptions are made about the distribution of jet. Equation 13 can be reduced to the form
the electric field and conductivity. We assume that
the convection electric field in the auroral zone can All, - cEH . (14)

be represented by a triangular function with width T[he factor c is expected to vary from approxiinatelv
IU and peak Eo, as shown in Figure 1, and the Hall 0.99 nT-ohn-kV 1 for V=2000 kin to 2.54 nT-ohm-
conductivity is constant. The integrated electric field kV 1 for Wv 50) km.
is: In this analysis the Hall currents in the polar cap,

Eol which would reduce the magnitude of AB, have

2 (5) been neglected as these currents are usually too far

The horizontal, north-south magnetic field pertur- away to have a significant effect. However, there is

bation al, the earth's surface will have its peak value ,,ne more aspect to this probleil which has more se

directlv below the location of the maximum Hall cur- rious consequences: the electric field measured by
rent. The total magnetic perturbation can be calcu- the satellite (Equation 1) is in a co-rotating refer-

lated by integrating the contributions from infinite- ence frame, while the electric field which determines

:v currents of magnitude Jy(x). Using the well- the ionospheric currents (Equation 2) is in a frame

known formula for the magnetic field around an in- relative to the neutral wind velocity. The neutrals

finite wire, are usually accelerated in the direction of E x B
by drag forces (Killeen et al., 1984). This has tile

2r(r) (6) effect of making the electrojet current smaller than
27rr what would be caiculated from the measured poten-and fhe ge...try bown in Figure 1, the total hori- tials and the expected Hall conductivity. Lyons and

zontal magnetic perturbation is Waltersheid (1986) have estimated that the neutrals
11,o 02 j (0)cos0(X) w,'ill attain speeds of approximately 10% of the ion

Al) P f ( di,. (7) Convection velocity, which would result in an "eirce-
five flail coiductivity" which is 60% of the actual

Fr t lie section of the electrojet extending from x 0 IHall conductivity. Simultaneous measurements of
(f he location of the peak) to x w , the integral is: ion-drift velocities and neutral wind velocities show

f l.hli w - that the relation between the two is complex and
,. B1 t 2r1 2 h dr (8) highly variable. Killeen c al. (1984) have found

that, at times the neutral anid ion velocity vectors
where ./, is the peak Hall current and h is the alti- show agreement in both magnitude and dih ction,
tilde of the electrojet above the ground. This integral and at other times or locations there can be signif-
evaluates to [cant differences. They also found that the veloci-

B , -lf(Rl ) ties in the dusk auroral zone tended to match better

27r than in the dawn convection channel. The result of

with I 1 arid f(R) defined as this complex ion-neutral relationship is to introduce
additional variability into the relation between theR I (10) rnie'etic field perturbations and the integrated po-

tentials.

1 2 We also need to keep in mind that the actual mca-
f(R) - arctan R 2 1? 4 1) . (I1) surements are subject to some errors which may up-

set the expected correlation. When the auroral oval
Ahdding the contribution for the integral from 0 to wV2  contracts poleward at times of low activity many of
arid donbling the result due to image earth currents, the A F observatories will be well equatorward of the

we arrive at electrojet currents and will not make reliable ica-

At 7 ~lo.'ojf(Il) I f(R 2 )J (12) surements. And at times the satellite may measure
7r a fraction of the full potential, since the orbit path

Ising (2) and (5), the final result is rniight not cross the regions where the electric poten-
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tial reaches its minimum and maximum values. Various models for the distribution of the elct ri
potential or plasma convection over the polar cap

1.3. Previous publications have been formulated, but these models have not

The theoretical relationship between the polar cap bieen related to the A V indices. Empirical convectoi~l
potential and ground magnetic perturbations had patterns have been derived by Foster et al. (1986)
been considered by Crooker and Siscoe (1981), who from radar observations; these patterns are kever 1,,
used a two-ring model of the auroral zone and polar "precipitation indices" which were derived from par-
cap. However, their expression for the magnetic per- ticle measurements on NOAA/TIR(OS weather sael-
turbations is given for a position equatorward of the lites. A linear relationship was found between the p1)
auroral oval, rather than the maximum values (AE) lar cap potential and the precipitation index, which
wit hil the oval. Right at the equatorward boundary, varies from 1 to 9. Ini another publication, Foster 0
their Equation A17 reduces to: al. (I.98) have also calculated ionospheric conduc-

a tances and field aligned currents for the saine precip
Aft B po 0:// (13) itation indices.

where 4f, is the total polar cap potential, a is the Ileppner and NIan iiard (11987) had derived etmpiri-

radius of the polar cap (inner radius of the auroral cal convection models from L)E-2 electric field dala.

oval) and b is the outer radius of the auroral zone. keyed to various signs of z and y cortpocef s of tile

Another theoretical analysis has been done by Nis- interplanetary magnetic lielu. 'These models were

bet (1982), in which the relations between the Birke- drawn for moderatel active conditions (Kp 3").

laud currents, Joule heating, and the AE indices are Average cross polar cap potentials for different cv-

examined. Nisbet's Equation 34 for the relationship els of IKp and Al' were given and the expan silT if

between the electric potential and A F indices is iden- the lower boundary with Kp was shown. - ich at1d

tical in form to our Equation 13. However, his ex- Ni aynard (1989) put the tleppner- Ma ynard inldels

pressilo (Equation 23) for the factor f is different, into analytic form, with the magnitude oif the p,,

even though it is also based on a triangular distri- ]a r (al) potential depending oi the K1 , index. lono-

bution. (It appears that the cosO adjustment was spheric currents, joule heating, and field aligd ( ur

,,mitted.) Nisbet did note that, since the polar cap rents were then calculated, ising the mialyticelectic

potential shows less variation than the AL and At ield models in combination with ioniospheric coimduc-

indices, the variations in the electrojet indices are 6ivities which were based on a precipitation tl 'dlv
"mainly a response to Hall conductivity variations Hatardy ci a1. (1987). This precipitation inodel is al,

rather than to variations in the generator driving the based on Kp.

Birkeland currents". Spit, -1 at. (11982) have derived models for precipi-

()i the experimental side, the publications related tating electron energy and auroral zone conductances

t,, the present topic are much more numerous. Satel- which are parameterized according to the AE index.

]ite measurements of electric potential across the po- It was found that the AE index does a blietr jlb of

lar cap are compared to solar wind parameters by ordering the data than other indices of geotnlagnet ic

Reiff et al. (1981), Wygant et al. (1983), and Doyle activity. 11, would be useful t, knov how tile electric

and Burke (1983). Reiff el al. (1981) had found that potential vari-'s according to the sarne index.

among the various indices of magnetic activity, 41- There have been many publications by Y. Kamide
A F index had the highest correlation with polar tio aid associates about a miithod for calculating the
potential, although the linear correlation was lt as dist rilution of currents and electric fields over the
good as with the solar wind paraneters. The bst ntire polar cap and auroral oval, thirlughi ai "in

fit was founrni to be @((kV) 41 + 0.1 1AE(nT). Since Version' of the magnetic records from a numuer of
I heir pri marv purpose was to investigate the solar- stations in the northern hemisphere. Kamide and

wind coupling, this relation was not explored in any Haumnjohann (1985) show )oth the tltal estimated
detail. electr')jet currents and potential differences com-

[here have also been studies of the relationship pared to tle AU/AL indices. The ratio betIvee
between solar wind parameters and the AE indices te total westward electrojet and AL shows more

)y Perrault and Akasofu (1978), Meng et al. (1973), variation than the eastward electrojet -A U ratio, par
tlaker rt al. (981), Bargatze et al. (1985), Tsurui- ticiularly during substorms. They also observ'e that
tini 0I al. (1985), and Sauvaud et al. (1987) (to the ratio (If the total electrojet current ti the t,-

name just a few). A common element in several of tal potential difference increases during substorms.
these papers is the finding that the best correlation I(amide and Bautnjohann (1985) conclude that the
between the AI, index and IMF is found when the increase in tile ionospheric current intensity prior to

Al. index is lagged by 40-60 minutes. siulstorit onsets is die to ai increase in I lie electric



tield, an,! condlictivit v enharnene ts after onsets spheric conilictivity need to lt- taken into consider

contribute to the maximum su|).;torm currents. Ahn alion.

,t al. (1989) make the same conclusion, also based
on the Kainide met hod of in. crting the giound-based 2. OI3SERVATIONS
inlanetograsln.

Ahn r at. (1981) have also used the inversion 2.1. The DE-2 data set
teclinique to compute polar cap potentials contin- The DE-2 satellite was launched in August (f 1981
uously for a two-day period in March, 1978. The into a 300 to 1001 km altitude polar orbit. The satel-
derived potentials are then compared to the simulta- lite ree: Iered the atmosphere in March of 1983. Elec-
nens A\E indices. Their linear regression resulted tric fielas were measured on DE-2 by two orthogo-
in '(kV) - 36 + 0.089AE 12 (nT) when 12-station nal double probes in the orbit plane, with lengths
iuagnetogranis were used in the inversion. With of 22.1 m tip-to-tip. The data rate was 16 samples
niore accurate 71-station computations the result per second. Further details about the Vector Elec-
was (kV) 24 0.098AE 71(nT). Baumjohann and tric Field lnstrumen (VEFI) are given by Maynard
Kamide (1984) used the same technique to derive ct al. (1981).

i,grtssion between total ionospheric Joule Electric potentials are obtained by an integra-
heating and the AF indices. However, their data t.ion of the measured electric fields along the satel-
shows a definite non-linear trend, which they did not lite's path. For this study VEFI data were analyzed
Pt due to the sparsity of data for high AE valies. fron 309 auroral/polar cap passes in the period from
More recently, Richmond r! al. (1990) have use,! he November 6, 1981 to January 4, 1982; and 218 passes
inversion technique combined with incoherent scatter in t lie period from May 1, 1982 to June 29. 1982. The
radar observations from a two-day period in January', data in the first period :orrespond to .. ner con-
198.1. They found that (D(kV) = 22-0.1 19AE 12 (nT). ditions in the northern hemisphere, and the second

Ahn c al. (1983) derived empirical relations be- period correspond to summer conditions. The mag-
hween ground magnetic disturbances and local iono- netic local times of the satellite's orbital track during
spheric conductivities and electric fields, based on a ibese time periods was within about 3 hours of dawn
comnparison o)f data from one magnetic observatory and dusk (6 and 18 hours MLT). This restriction

and a nearby radar facility. The electric fields were is given so that the satellite will have a reasonable

related to the magnetic perturbations by power law chia:ice of passing through the potential maximum

equations, with different coefficients for positive and and minimum of the typical two-cell convection pat-

negative magnetic disturbances. tera. The data used in this stmdy do not include all

We've seen various parameters which have been that was obtained by the VEFI instrument during
related to the AF indices for limited time intervals, these t; ae periods. There was some random selec-
However, it is well known that the ionospheric con- tion of events due to circumstances of availability of
duclivity changes with the season. Burch (1973) processed data, and some passes were unsuitable for
found seasonal variations in AU, but not in AL. a measurement of the polar cap potential.
Burch noted that this was consistent with the results Electric fields measured with double probes are not
(if the conjugate point study of Meng and Akasofu without some uncertainty. "Contact potential" dif-
(1968) which showed that the pos'tive bays in the ferences on the two probes can cause a small offset in
sumnner hemisphere were roughly twice those in the the measured electric fields, which can lead to large
winter hemisphere, but there was no clear asymme- errors in the potentials when integrated over long dis-
try for negative bays. Allen and Kro~hl (1975) also tances. To minimized these errors the contact poten-
fiiid significant, systematic seasonal AU intensity tials were adjusted for every polar pass in this study.
differences which average 60 nT between winter and Adjustments were made in such a way that the dif-
summer. The AL values were not as clearly differen- ference in integrated potential between the points of
tiated. Berthelier (1976) also saw seasonal effects in the pass at 45 degrees invariant latitude on each side
A E which were attributed to conductivity variations, of the pole was zero. In some cases the pass (when
There were also annual and diurnal variations in AE the instrument was turned on) started or ended at
which Berthelier attributed to a shift of BZ(GSM) latitudes higher than 45 degrees. In those cases the
relative to Bz(CSE), which has a symmetrical dis- beginning or end of the pass was used for the adjust-
tribution around a zero mean. ment, provided that the electric field was still flat at

This synopsis of the literature indicates that a that invariant latitude. If the beginning or the end
comprehensive, experimental comparison of AE in- of the pass was already inside the auroral zone , ri
dices and direct measurements of potential is still the pass was not used for this study.
lacking. Furthermore, seasonal variations in iono- The high latitude boundaries of the dawn and dusk



FIG. 2. LOCATION OF THE PASSES BY THE DF-2 SAT ELLITE, IN MA(,NETIC LOCAL TIMIE
INVARIANT ILATITUD)E COORDINATES, FOR THlE PERIOD) FROM 6 NOVEMBER, 1981 THlROUGHC
4 JA NUARY, 1982. (a) Location of the dawn and dusk auroral zone passes. (b) Location of the polarl cap
passe.

244

(a) (b)

FIG. 3. LOCATION OF THE PASSES BY THE DE-2 SATELLITE, IN MIAGNETIC LOCAL TIME-
INVARIANT LATITUDE COORDINATES, FOR THE PERIOD FROM I MAY, 1982 THRoIGli 29H!uNE.
1982. (a) Location of the dawn and dusk auro,,-. zone pasbes. lb) Location of the po

t
-r -- !, passes
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auroral zones were determined by the local maxima There are three dashed lines drawn on each of
and minima of the integrated potential curves. The these graphs. The lowermost dashed line shows a

!vAitude boundaries of the auroral zones were de- linear relationship between AU anti the dusk poten-

termined by choosing the points in which the electric tial, with the slope chosen such that 10% of the data

field curve stopped being flat and rapid variations points lie below the line and 90% of the points are
started. Figure 2a shows the locations of the dawn above. Likewise, the uppermost dashed line shows

and dusk auroral zones derived from the electric field the slope at which 10% of the points are above the
data for the winter period. This graph shows the line and 90% are belo- These slopes bcund the most

orbit tracks of the DE-2 satellite between the low likely range of the product "cEH" in Equation 14.
and high latitude auroral boundaries, in invariant The middle dashed line shows the median slope, at

latitude-ILT coordinates. In Figure 2b are shown which 50% of the points are above the line and 50%
the polar cap portions of the same passes. Figures 3a are below the line. The values of the 10%, 50%, and

and 3b have the same format, but show the locations 90% slopes are given in Table 1.
of the measurements during the summer period. In Figure 6 there are shown similar scatter plots for

the diff-rence between the potentials at the local the AL indices and the simultaneous measurements
maxima and minima gives the total polar cap po- of tie dawn auroral potential. The signs of the AL
tentia!. The difference between the potentials at. the iiidices have been reversed. Lines showing Ihe 10%.

low and high latitude boundaries of the auroral zones 50%, and 90% slopes are also indizated on the figure.

gives the total potential across the dawn and dusk
auroral zones. These relationships are illustrated it.
Figure 4, which shows an example of the electric field -,, ,. cr

over the northern polar cap and the associated po-..., ...-..................
tentials. "

E

2.2. Comparison with AE Indices -

The AE indices with one minute time resolution " /

were obtained on magnetic tape directly from the '- - - '

World Data Center C2 for Geomagnetism at Kyoto . '

University. An average AU index was obtained for H

each dusk auroral zone crossing by averaging the one- w -

minute AU indices corresponding to just the time U-

period that the DE-2 satellite was in the dusk au- - - . ..... . .
roral zone, as determined by the electric field sig- _ 7 .. - ,

natures. Likewise, an AL index was determined for .

each dawn auroral zone crossing, and an AE index r,, *>

was determined for each polar cap crossing. Thus, >

our comparisons are between simultaneous measure- POTENTIAL

ments. I -

I, < -j POLAR
Scatter plots of AU indices which are plotted in C- APNIA -

romparison with the dusk auroral potentials are P A
L DAWN

shown in Figure 5. The signs of the dusk poten- 0 I t POTENTIAL
tials, which are shown as negative numbers in Fig- CL

tire 4, have been reversed on this graph. There are

separate plots for each of the two time periods. As .

mentioned earlier, one time period corresponds to
winter in northern hemisphere and the other time -

period corresponds to summer in the northern hemi-
sphere. The measurements which were made while
l)E-2 was in the northern hemisphere are marked FIG. 4. EXAMPLE OF ELECTRIC FIELDS MEASURED
with the crosses, and southern hemisphere passes are BY THE VEFI INSTRUMENT ON DE-2 (upper panel) AND

marked with the diamonds. Therefore the symbolic POTENTIALS OBTAINED BY INTEGRATING THE ELEC-

representation of the summer/winter "season" is re- TRIC FIELD (lower panel). The dusk and dawn potentials are

versed beiween the two plots, but the crosses consis- defined as the difference between the potentials at the low and
high latitude boundaries of the respective dusk and dawn au-

tently show potential measurements in the northern roral zones. The polar cap potential is defined as the difference

hemisphere, where the ground magnetic observato- between the potentials at the two high latitude honundar-,s,

ies are located, which are determined by the local minimum and maximum.
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FIG. 5. SCATTER PLOT OF AU INDEX VS. DUtSK POTENTIAL. (a) Winter period in the northern
hemisphcrc. (b) Suinm-r period. The crosses mark the cases where the potential was measured in the northern
hemisphere, and the diamonds show the southern hemisphere measurements. The dashed lines are at constant
slopes which bound 10%, 50%. and 90i% of the dlata po ints. The parameters for these lines are given in Table I

FIG. 6. SCATTER PLOT OF AL INDEX VS. DAWN POTENTIAL. (a) Winter period in the northern
hemisphere. (b) Summer period. The format is the samre as in Figure 5.

TABLE 1. SLOPES OF THE DASHED LINES ON FIGURES 5, 6, AND 7.

fData Season Figure 10% Slope 50% Slope 90% Slope

winter 5a 0.89 2.07 4.75
A U vs. - 'fDusk summer 5b 1.61 3.86 8.38

winter 6a 0.43 3.65 13.13
Al, vs. 'Dawn summer 6b 2.88 7.63 -18

A vs V winter 7a 1.17 2.81 6.52
AEV*$~ summer 7b 9 'A4.95 9.62



Hi; 7SUATrER ITO f OF AF INEFX VS POLA R CAP POTEN FIAL Ia Wiriter period in tire T-tr

hemirspr e f hi Suitinirer pervni Tihe fforrnat is thre samrie its in Figure 5

(a)()

FI; 8, S('ATER PLOT OF AE. INDEX VS POLIA R CA P POT'ENT IAL,. WITHI THEj NI FASU RHENIVN I
OF AE. LAGGED 50) MINUTES BEHIND THE MIDDLE OF TrHE POLAR CAP CROSSING (a) Wirrier
period in the niorthern hemisphere, (h) Summer perind.

and the values are included in Table 1. There are sev- Figure 7 shows the results of comparing the A F
eral points in Figure 6 which lie substantially above indices to the polar cap potentials, with the -aine
and to the left if the 90% slopes. Most likely this formiat, as in Figures .5 anid 6. Similarly, the constants
is because the satellite only measure(] a fraction of which describe the superimposed lines are in Table 1.
the full potential. Most of these abnormal potentials The change in the ordiuate axis is due to tbe fact that
were mneasuired in the winter hemisphere (plus sym- AE is by definition always positive, whereas AU' and
lbol in Figure Ja and diamond symbios in Figure 6b), L rray have either sign.
and at magnetic local times of 8 to 9 hours. At other We emphasize that the pola. cap potent ials and
local times there are no significant differences be- AE indices which are shown in Figure 7 arc simul-
tween the potentials in the northern and southern taneous. It had previously been shown that the pot-

hemnisphe-res. lar cap potential is related to the IMF (Reiff di al.,



vi

;I I I, I.,. I I I[, o if I If ;I It,- I'v s I t I I I , x I ) I I A t h a I I I I I' I I I I I ; I I

I 1 -1 it 1 .11 1 it- I,,. I I I I I I, I % f V it Ild I I i J ) it i I I cd lo h e ll I I- I I. sit I I w ok I r I c I I I I It,, r I I ;I ri d I I I I I- t I i it I
;1 1,% Tit I it I I I v , It ;I kc I I t it I i I ( I- It, I t i o, I it I I I I I i n I -d I I

tIr rv,, I ,c 0 11 111 5 1 Jivi 4,,r, l , lilt I, asked I IIV III(Ill, I 11W Illavil"I 1( ficid 11 [if I it,, dal if di, '1'

Ili, 0 1, n ah, oil hwl i-t ,r it t I dcla of 50 imit Xilh rills 11- . Ili,- ""It It, I I,

it I "!I I he p,)!;It ( Ill, potvI)Il;lI I,(.11jisph( it. ilw;ism I jwijt !, ml I,, To lat, t., t It,

I , I I I - I if r I I I I I ' I I I I 'A 1 11 11 ( I I V ( I I I It(' I ( ;I I I i I I I I I ( I , , i I I f I I I , l, I I I I I I N ;I ', or I , I I I I , I l . I I I I I . r I I I I I . 1 1 , I , ;

da I a p ol 111 , I Ili' it it "r, , it, . k 11 1 it l'i L ll I- IT It'll iii I v IT witt . I I , %% c % -r I It, I I , I ;I - - v, r it,

I III, a t i tr ; !"'adc " f, h., llc i hc I" it , Tit ii 1 11 1 , " 1 11 f C t T IC 111 , " I, r ', I I I I , I ill - j z

if wit 1,,. 11 i It (I I IT,, I" of "lit I a I I I if it I re I I ),,ill vor-ii I I hu Ics ;I ( I uraw lilt if It- , !I I i I I I - I It, ;I - 1 1

fit! 1.1 1 1~ mc ill , I ;I Ili ),.It I" I hat Ow :IIw 1,.( ;1 1 1, 1: J I ill

it I , t4c, fria V 111 -1 1 1 11 o fo 'T I 1 1,, 1 )Y I I i I lit (1, ( it I I I I I I i -I ;I I Ii I I it li it 6 1"1 1 V TIII I I l I I I - I I I I- I T - I

I I L!" I I I , 11 1 11 1 If( to I I I I lex lit, Iwx I i vp er Tit I ( I ict I r I I If I I o 0 11 11 it i tit It it ;I ri- It

I - 1 1, " T 711 11 1 11 lu I it t I if o F d a I it w o; lit o lit h c %N 11 lo i( I, I ic I I I % I t I I T

o I I i I t - I it d , l I I I I I I I it it So, I- o o! rl 1-11 VI I I ;1 71 1 l C , t

I t i I I ;I r I I

g to, I , r I I, x I I I Ili r I I, I I v i f I s It I I, h, ?

I I I rica it r"flWiti , I , o- lk plat v d ivi it g -it wtl! dcli fled h) be appr, i I I I a t I 'It 't! I t it, I I
I ? , , r I I I - u r, I I I I i I ;I I . -v x I )it it i i if flit ;I se" I -rp ;I , I ) I c , I i ( I c o , (I Ill I it I ;; , , , , , I I , I T I

r I it ;I I I I w it it it 'c' ;I I) ;II) ;I III V) I I 1 1 a So' , if Sp I ('it ( I it I d;I I It I n I v. rt

I I I I TI 4 1! !1C I I I I lit I fit'(] I or t I ic I to I if s lic r,, it(, I ii it I, I, I l ;c t I I I I I t

I It c It ( I,, a I . I lit- i v it! ;i I c ;It, ),,N it I if ; ; - l , , , I I I .% ;) r" I I it I I t I I t 17 1 ),1 i o 11

1 11 1 1 1 1 It c I I , I I I I , I it (If ( It I It l I I lic III),f , T Tll I) h a IC I it I ;, ;j I I I I I I , I " I I I I I -I it I I ;I

I f I I to 1c , , i I TI(III " Ill I. I !)I' I, ( it I I o I 1 111 1 1 !1, , I it I I I r , I I I I I " I t I 1 11 1! 1 1 i1I %% I I I T I

p h - 7 ill If, ., I I 1 11 1 1 ill tit" T \% I I I , c , I f t I , i , ! It I - I

3. 1 )ISC ( SSH t r, .,I it d ( , oil, I it I i it k I:; L r. t ko
r i_

tl, -u l I. Ic lit I'( I )l I I r( 11 v I I ;l d

I i ;l I !I it I p , Ili I I% o'c il it 1 11 111 - ;I Ill I 1 1, or K 2 1 h I I I)d it cd it (I I 1 1 - ;11) p r, io

;I i I a I r r ;I I I I o ;I I I 1 1), 1 1 It I I I . i I I I I I I " I I I , I a I I , 1 111 111 1 1 11 1 i I, - . I 1 7 , ,

F t 1) \ I I I I I- r, fi I, I I i It,- I I I I k I , I I f- f r, , I,, I ! I, lit I It( I ii

J %% I I on i 1 1 1 1 11 11 , r i I I I c ri r it I r I ill a I ) I ) I- l , ,, I I I I ;1 3 1 It I it w I if It e r ;I it lit I I I I ii

I i I t I I I ;I I t- I I ivii I I I I -f I (fit v ) I it I, L I f-i t r 1 1, 1 ;1 it I I I It I I V, I' i g I I I v 7 , I I m I I I i t I I I I

'r" I ( I I , I I I I I I I I % I I h-ti it it(] K To (' h I I I 7 .'. i ; I I I -I it! k Ili it v , I I %v it c I , c To o if, t it I, I i i

I I I d o. I I I if I tic it Im It I I Sit i ft I if I lic (11 f ri I I I I I , it % IS it I I I I I I I I I I I I I It N I I I t C I ;111 1 1 1 '2 2 1 i

1), 1 1 if I I ( I S I.(. I I I I I, I I I ,, 7 ;1 it I I ( 1 7 1 ) I I I v r I I I I I I I lie, r . I I I I I It- Sl( oj)I S ll I I- iI411 rl I I I I I T

a h I F? I It I he If St ri 1 )11 t i, !I If t It(. 1 2 ) it I I( I 1 5 .2 1 k I, ti w I I I o 111- To

I I to ;i ! I To I I I to -1 it r I It 1) 1), , I c I I I it I I- %% I c it I It c I ,% , I i I I to %% It I c I I ;I rv % c if i IT I a l c ;I To, it, it fit r ff l 'I I I f it ( ,

I, I . " 1" , 111 If I a 11 lot, a I t ri h, I t cd , , a I I m c I S1 I I Ill, I k it I I I ,, . I , I I I I I I I I . ;I I r It v I lit' li( opc, ;I I 111,1o h I'--

Tij ml-r- I IT .1 if tit- I ()N2 ill IT] parf-d 1, k I I) ci- I 9k I %1,)S1 likelY t his ;s (hic too t IT(, (,fF(,( I, if Ow nvul I ;it

I , it I It,, I awS wht-t,- I \1 I- s ;IT(- A,.c6l;0,1v ;I, dis( Its,(.([ pre% !-Isk .

ki I- ki % c ;I IS, , f, it nd t If ;I I I hr (I I qf n Im I I, it , of I 17 ( ( ; 'i , I ) f -, I lic", T1111MIT, off, . of hcr % ;I I ia Ide, % It i ( If c

lli, I ( I I ;I rived to 1 rill orc rilri Im ard . % hich :I( (-(%%lilt S (1'r I I ( - it t r, d , I It(, (lilt it Show. it I it r tj I, it Ill, mill

f It, 1,-( rea- d p-la r ca 1) It,,, -lit Tak ;0 ter" fI!! ht, N I-% -I I ho-lesq. I hert. is silth

I ri I lit, graphS %vfil( It have hecit Sllovwn hurt- I lit, (lilt a I If III 'lldef I ellablot. ti, I., fit I lit- dal a to, it ( 11r% I, N 11

It ;i % I- heen Sor-pa rat ed ;I(-( I rdi ng t I , I It(- I;va si )if I IT I lic "I" t i, Ili %% It i It dvm ri Ili,, I lif- re I it t I, if S Ili 1) 1 let ven

it, 0 Iwi ri lif-miplicy I% %t- lirr,- I It(, maruct ic iii t lit, \ I- index ;I Ild it, 'i a r I ;11) 1), 0 c 111 lal cl , , 'p IN oil I (I

ri- ;I rc I , oc it t t-d I If il, givc, it m(lif- tirilfftrm groiip hax I, smw ill lilt , v, its Ynctit if-ned Ili I he Int Told it( 11111.

I I' I of It 11" (lilt ;I jvmt , ill ( (om p it ri So it I - , grit p It ill .1 \ V( - tot i I i ( "m clit Tate "ll it I St I I I I , d it it s h I I i I I F 19

It m it Ili( It vr-T p I I)(, I;0 a ;I( , lording I , I 1w , I TV 7, ),lit Ii rI % c %N- i I I it t t c 1111 ) I " : c I i I I it t I, "ro I I I

I'll ill I IT(, 'at"1111 c J)"tot-111 i;d Ilwalir"171cl, f I lit- (lit I a hiAsu Si low 4 1 hot. satellitt. passes hich did

o."llilli ri i it kt: I lit, V % -tlilwr Jaim I nr. II,)rt ll,'Illi twt pas t firmigh I he frill plot ('111 ia! oln)p, I! is -"cH

-plifre paSv, %% i I It t he %1av .1 it it v, so ,I I hcrij hvi ill k it, o, It t It at I he plasnia (-(,it vcl iom pat I vrti te-nds I I

he r -It a t cd slight 1Y I N I( k wisc I I cly ncr a it(] M aY naud



U N X IY)F \ S '( I9 Ill CA'P I'l N l.) Iul END' AL 1 1< VS (''JA; !oAl %)-IF h Jl I
I FN' 'lrIIilN IIFNII Pl'IFIF WIN IIR P1(1(9). FORl IHE- NoI IIIN IHEMISIPHEREl SI MII 11~f(1 4 . IO (;R

I \SFt IN V111(11 AN I N \\IIl I 511 IlIM lIlt lAI;tS IN' %%111(1 AN T NANI3I(ICI1lS S1Tjl'WI UM
\-2 CW ID ' F1 I Df ,LS 1-1 V~II liie dala r'urs wre IIIASI 19 II h)N 1 1I 1 ) lb " Cr'- '18'

-A' .'; ...
1 

'. i f)'2' 1 xim,ti' , and' f( ,[,I')ec. ng sgs'y' l~ rwlI,., j1, (-x[M''sw iiii.

- - '>,~'* -- flsl ag's

W) I

4 8)

k ~~ tIA 1,(I o - l(V



121.I4 1). R . ,'i i , l{ et al.

1987), and in Figure 6 it was found that some of The results of fitting three different equations to
the dawn potentials which were measured at MLT the data are shown in Figure 11. The long-dashed
greater than 8 hours were obviously low. There- lines on the graphs show the result of fitting the data
fore, we use just the orbits wh'ch passed through the to a straight line:

dawn auroral zont at MLT less than 8 hours, and
als,, passed through the dusk auroral zone at MLT
less than 20 hours. This reduces the number of mea- But the data appear to have a non-linear trend. This
surements from 309 to 211 cases in the winter time can be expected, since the electrojet current depend:;
period, and front 218 to 129 cases in the summer on both the potential drop and the Hall conductiv-
time period. ity', and precipitation-induced conductivity enhance-

Conventional least-squa re-ertor techniques could ments are relatod to the potential drop. Therefore.
be used to determine the curve fits. However, these it is not unreasonable to test relationships with an
methods minimize the vertical error between the exponent other than one. The other equations which
curve and the "dependent variable" data points, as- have been fit to the data are: a power law.
suntiimg that the "independent variable" on the hor-

izontal axis has been measured wit}" a much smaller
error A least -square-error fit with AE as the indc- which are shown with the solid lines; and a second-
t ievlh'nt variable gives a result which is substantially order polynomial,
litlerent fron the result which is obtained with +, AE 2 a - . (1l)

the polar cap potential, as the independent variable.

Rather than choosing either AE or + to be the inde- which are shown with the short-dashed lines. T'he

pendent variable, it is better to find the curve which values of the constants which were determined by
minimizes the total square-error in both the vertical these fits are given in Table 2. The total square-

and horizontal directions simultaneously. We have error, ) 2 . and the standard deviation. cr, are also

used the "simplex" method for this purpose (specifi- included in Table 2. The quantity )L2 is minimized

cally, a variation of the Amoeba subroutine by Press by the curve-fitting routine. It is defined for our

t al. (1986)). since it can minimize by trial-and- purposes as:

error any arbitrary function.

I :),
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FI;. 11 SCAT'rER PIt)OTS OF AE INDEX VS. POLAR CAP POTENTIAl AND THE RESUI,TS (OF
FITTIN(; CURVES TO THE DATA. These data include only the satellite passes at MH"u less than 9 iurs
in the dawn auroral zone and less than 20 hirs in the dusk aurora zone. (a) Winter period in the northern
hemisphere. (b) Summer period. The long-dashed lines show the fits of Equation 16, a straight line. The
solid lines show the fits of Equation 17, a power law. The short-dashed lines show the fits of Equalion 18, a
serond-order polynomial. I he parameters for these lines are given in Table 2.



N. associated with northward IMI: BZ conditions, vith
2 A . E(4,), P( E, erratic convection patterns (flepper ard Maynard,

ALMAX (N/ MAX 1987) and disorganized electrojet currents.

9) Considering that Ain e al. (198.1) at'd Richmond

Note that the AE and (P errors have been normal- ct al. (1990) .ad used ground-based measurements

i7ed to dimensiomless quantities by dividing by their and computer algorithnis to calculate the polar cap

max inrln values. We have used 1,400 nT ard 180 ptcential drops, it is remarkable that their results art-

kV, the maximum values on the plot scales. The in such close agreement with theF' obtained bv in

standard deviation is calculated as: situ satellite measurements. This indicates that the
Kamide method is fairly accurate. In another paper

= . (20) Ahn c0 al. (1989) had also used the magnetogram
2 inversion technique, and where both AE indices and

These quantities have some similarities to the con- calculated polar cap potentials were given their data
ventional definitions, but there are differences. points from the mont h of .uly fit within the spread of

'Ihe power-law formula has the best fit to the data our points in Figure 71). They had points at (81 kV.
io Figure I la, the winter data, and the second-order 562 nT ) and (66 kV. 142 n' ) before substorns ancl

polynomial has the lowest error in Figure i11), the at (81 kV. 1(62 n'T) and 109 kV. 80( nT) just after
summer data. However, there is not a very large substorin mnaxinumn phase (tile last AE value was es-
difference in the errors. The standard deviations for timated from a graph rather than given in the text).
HIe nrn-linear fits are not significantly different from Sirce these points have a spread similar t, ours, it
those for the straight line, so the straight lines seem appears that tile scatter in the plots is more an in-
to be sufficient for modeling the data. herent property of the potential-AF relation than a

By inverting Equation 16 and using the values problemi with our fatellite sampling.
given in Table 2 for a and b, it is found that Figures 5, 6, and 7 have trends which indicate
4)(kV) - 26.8 -L 0.152AE(nT) in the winter arid that the ionospheric conductivity increases as the
+l(kV) 19.2 ± 0.116AE(nT) in the summer. These polar cap potential increases, since the AE indices
results are simvilar to those found by Reiff el it. increase more rapidly (i.e., the slope is greater) as
(1981) (4(kV) - 41 - 0.11AE(nT)), Ahn 0t al. the potential increases. '[his enhanced conductivit v
(198.4) (fb(kV) = 36 4 0.089AE(nT)), and by Rich- is drie to electron precipitation associated with field-
mond et al. (1990) (tP(kV) - 22 4 0.1 I9AE(nT)). aligned currents. The change in the slope is much

One problem with these equations is that they give more noticeable in AL than it is in AU, which is
n oisensical results for AE at very low potentials. cnit cnt with the cndret ivit v in the dawn nriural

The earlier studies had very little data with polar zone increasing much more than in tie dusk auro-
cap potentials below 30 kV, and our own data show ral zone as magnetic activity increases (Hardy 0i al..
that AE is very low when the potential is below this 1987). The conductivity enhancements cause an ap-
value. This is not too surprising, since the auro- parent discontinuity in the AE-potential relations in
ral zones may be contracted to a position northward Figure 7, occurring at about 60 kNV in the winter
of the magnetometer stations when the convection is and -10 kV in the summer. This difference between
weak. Additionally, the low potentials will usually be the seasons is curious. One possible explanation is

TABLE 2. RESULTS OF THE CURVE FITS SHOWN )N FIGURES I ]A (winter) AND Il1 (sunuiner).

Season Equation a b c 2 er

16 176 6.56 3.9,42 0.0967
winter 17 65. 0.79 140 3.255 0.0878

18 8. 0.45 1.044 3.351 0.0891

16 165. 8.60 - 3.536 0.1171

suirmer 17 69. 0.81 1.48 3.550 0.1173
18 67. 5.13 0.024 3.4,17 0.1156
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that. due to the greater solar-induced conductivity times of the year. Since the AE indices are riiasired
in the summer, for a given potential the Pedersen only in one heniisphere, these indices are greater dur
aid field-aligned currents in tile summer hemisphere ing the local suimner, when the ionospheric conduc
are greater than in the winter hemisphere. There- tivity is greater than in tle winter.
fore. at a given potential the particle precipitation At very low polar cap pitentials the AE measure
and the precipitation-induced conductivity will also ments do riot appear to be very accnrate, due to the
be greater in the summer hemisphere. movement of the auroral oval northward, away from

Much of the scatter in these data is due to the dy- the magnetometer stations. At high potentials the
namics of magnetospheric substorms. li fact, since electrojet currents are influenced by precipitationl-
substorms may he due to an "unloading" of stored induced conductivity enhancements. Tire enhanced
energy from the magnetotail (Akasofu, 1989) there conductivities are more noticeable in the AL index
may be times when substorms occur while the po- than in the All index, since the westward electrojet
lar cap potential (which is controlled by the [MF) is associated with upward current and precipitating
is iearly constant. Therefore we should expect that electrons while the eastward electrojet is associated
at some potentials the AE indices will have a wide with downward current.
range. due to enhanced electrojet currents during Our data are consistent with the prior observa
substornis. The role of substorms is evident in Fig- tions of Kamide and Bauijohann (I985). Ahn ct al.
ures 9 and 10. Wherever a substorm growth phase (1989), and many others that the increase in the elec-
has been identified the AE indices are down near the trijet current intensity prior to substorm onsets is
lwer 10% curve: during substorm expansion phase due to an increase in the electric field/potential. and
fle A F indices move upward toward the 90% curve: ciinductivity enhancements after onsets contribute to
arid during the recovery phase the AE indices, and the snbstorm corrents. We also find that sibstornis
somietimnes the polar cap potential. start to move appear to occur when the polar cap potential exceeds
downward. a. threshold of approximately 60 kV. which supports
Kan ti al. (1988) have proposed that the polar cap (but does riot necessarily prove) a theorv by Kan ff

potential must reach a certain critical level (70 kV al (1988) for the cause of substorm onsets.
in their model) in order for substorm onset to occur. Although tie AE-potential graphs do have a lot
Our results tend to support that aspect of their tire- of "scatter", there is sufficient order to he data
ory. Figure 7 shows that below approximately 60 kV to derive a least squares fit equation. By invert-
the AE indices tend to rernain low. with little verti- ing the equation it is possible to derive reasonable
cal scatter, but above 60 kV the AF indices become estimates for the potentials from the AE indices.
large and wiely scattered, indicative of substorm This would be a logical option whenever an esti-
activity. Figures 9 and 10 are even more convincing: mate of the polar cap potential is required for a
the potentials during the growth phase are between specific time period for which AE is known. Al
40 amid 80 kV and the potentials during substorm ex- though the AE indices do have faults (Akasofir. 1989)

pansion are above 60 kV. During substorm recovery they are more accurate than t(p for indicating the
several of the measured potentials are below 80 kV, state of the magnetosphere-ionosphere system at a
but there are also instances where the potentials are given mnioent . Future modelers of ionospheric con-
still high. According to the Kan cl al. (1988) model, vecion, conductivities, currents. precipitation, arid
substorm recovery occurs when either the polar cap Joule heating should index their models to AF rather

potential drops below the critical level or the diffuse thIan Kp.
auroral conductance belt moves equatorward from Seasonal effects also need to be taken into consid-
the convection reversal. eration more frequently than tihey have in tire past.

lit other words, most people who have used the AE

index in one way or another have done so with little
4. CONCLUSION regard for the time of the year. It could be useful

to have yet another index, similar to AE, but with

We have shown that the AU, AL, and AE indices adjustments made for annual variations.
caln be related to the respective dusk auroral, dawn
at,roral, and polar cap potentials. Due to the large
number of variables the relationships are approxi-
mate rather than exact. Linear relationships which
indicate the bounds of 80% of the data points and
median slopes are specified. Different parameters
are required in order to bracket the data at different
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